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Abstract

A revi~ of the quantumstatisticaltheoryof stronglycoupledmany

conpment plasmasis given. The theoreticaldevelopmentis shownto consist

of six separateparts. Compensationbetweenboundand scatteringstate

contributicm@ the Partitim functim and use of the shiftedDebyeenergy

levelsare inportantaspectsof the analysis.

electronsare ncderatelycoupledto the heavy

restrictim is placedon the couplingbetween

is that ~AD < 1, i.e.,the thermaldeBroglie

The resultsare validwhen the
*

icns~i.e. A <l, but no
ea

heavyions. Anotherrestriction

wavelengthis less than the

D&ye lemgth. Numericalcalculaticmsof EV/NokTand + are givenfor a

Rubidiumplasma.

●

●
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I. Introduction

The equatim of stateof plasmashas been an activeresearcharea for many

years. Duringmost of this time interesthas been stimulatedby astrophysical

applicaticms.Besidesbeingdirectlyapplicableb suchproblemsas
●

predictingthe evolutionaryhistoryof stars,the stateof ionizaticmand 6

equatim of state,are also requiredin opacityand transportcalculatims.

Additionally,verygood equatim of statecalculationswill be requiredto

adequatelyanswerthe currentquesticmconcerningthe cmditims for which

multi-conpmentpla-s phase separate.1 In recentyears interestin the

propertiesof partiallyimized matterhas been stimulatedby laserfusion,

MHD, and otherenergygenerationresearchprograms.

?3arlyresearchwas bastion analogywith dissociativeequilibriumin

molecular gaseswhichhave an ideallimitfor very low densities. Thismet

with inmdiate difficultiessinceionicand atomicpartitionfunctionsare

non-convergent.Variousad l-m methodsfor cuttingoff the divergencewere

introducd. The firstsuccessfulcalculationof non-idealeffectswas made in

1923 by Debyeand Huckel,whose interestwas in electrolyticsolutims.

Subsequentworkersaddedthe Debye-Huckelfree energyto the idealplasma

nmdel freeenergy. The imizaticm stateand thermo-propertieswere then

obtainedby free ener~ minimization.A sunmaryand exhaustivelistof

2
referencesof work priorb 1966 is givenby Brush. Agwd reviewand list

of referencesup through1975 is given in themonographby %eling, Kraeftand

Krenp.3

Due to the analyticalcomplexityof a rigoroustreatmentof --ideal

plasmasmost of the literaturecitd in the abovereviewarticlesis concerned

with hydrogenplasmas.2 Theseresultsare very importantto our fundamental
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understandingbut have limiteda~licatims. Besidesbeingrestrictedto Z=l,

they are al= limitedti lW density. Two recentattenptsto treatslightly

non-idealplasmasfor arbitraryZ and all stages of kmizatkm have been

given. 4,5 Theseare basedcm freeenergyminimizatimprocedureswhich

requiresomeasserticm as to hm individualatcxnsand ionscan be uncoupled

from the plasma. In the presentpaperwe avoidmakingtheseassertims by

workingin the grandcanonicalformalismor what Krasnikov3calls the

“physicalmodel”. Furthermorehigh Z plasmasfor whichthe ionsare very

non-ideal,while the electronsare mderately non idealwill be treated.

II. Outlineof TheoreticalMethod

Most of what will be discussedin thisarticlehas beenpublished

elsewhere.6’7 The objectivehere is to swmnarizethe tbry and identify

the most salientpoints. Suneof the theoryconcerningstronglycoupledions

and calculatimsof the equaticmof stateof Rubidiumare new.

Figure1 is a flowchartof

biayerS-functim which is a sum

the virialcoefficients.Since

the theoreticalmethod. Step 1 introducesthe

over all clusterintegralsor alternatively

the neglectof the uncertaintyprinciple

causes the electron-iretermsto divergeas r + O. It is obviousat the

outsetthat reactingplamas requirequantunmechanics. This typeof

divergencemly involvesfew body terms. A more intransigenttypeof
●

divergenceoccursin

in the limitr + ~.
●

all virialand clustercoefficientsfor Coulombsystems

This divergenceis essentiallyclassicaland can cnly be

removedthroughmany-bodysumnationprocedures.Eachccmtributionto the many

body sum has mly smallquantunmdif icaticnsfor r < x, the thermalde

Brogliewavelength.As a resultit is possibleto carryout the many-body

i
!

!



analysisclassicallyand insert

finalresultin orderb remve

resultis rigorousprovidedthe

4

Slatersumsat the appropriateplacesin the

the few-bcdyelectron-iredivergencies.The

ratio&/ID is <1.

X/AD- be addedat a later stageof the analysis.

In step 2 we followthe wrk of Abe* who shrwed

pla- model (O@) that the long rangedivergencies

Correctim terms in

for the cne-conpment

can be eliminatedby

appropriatereorganizationsin powersof the potential(f3U).The leadingterm

in the resultantexpressim for S is the familiarDebye-HuckelCorrection.

Higherorderterm resenblevirialcoefficientsfor the screenedCoulomb

potential. Sincewe are interestedin realmany componentplasmasit is

necessaryto carryout a multi-conpmentgeneralizationof Abe’swork. After

the a~ropriate introdmtionof quantummechanicsthisyieldsthe equationof

stateof non-idealcompletelyicnizedgases

(F-FO)/VkT= -S

P
E

Pi+s _
z

as
m= ‘i ap.

i i 1

In orderb use Eq.s.(l-2)to calculatethe

accordingto

(1)

(2)

equationof statefor incomplete

ionizatim it is necessaryto make assertionsas to how conpositeparticles

enterthe idealgas freeenergy,FO, and the S functim. The resulting

expressicmscan thenbe used to minimizethe freeenergywith respectto

changesin the conpositicn.

Since

formali9n

problem.

canmical

icmizaticnequilibriumis naturallyincludedin the grandcanonical

it is the fundamentallycorrectway to treatthisaspectof the

Unfortunatelyit is subjectto all the divergenciespresentin the

formalisnand othermore complicate divergenciesas well. In step

9

●
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3 a procedurefor avoidingthisdifficultyis introduced.This is to finda

methodfor generatingthe a2tivityexpansionas a functionalof S, thereby

obtaining a divergencefreeexpressionfor P/kT in the grandcanonical

formalism.Degeneracycorrectionsare tidedti the leadingtermsof this
8

expressicmusingthe methd of Cooperand DeWitt.g Some additionalremarks

●
concerningthis stepare given in A~ndix A.

The S functicninvolvesvirialCoefficients’for the De~e potential. In

orderto properlytreatimization equilibriumit is necessaryto collectall

the boundstatetermsthatcontributeto eachpowerof the activityand thus

obtainthe clustercoefficientsfor the De~e potential,e.g.,z3b3=

z3(-B3/2+ 2/B;). This Correspmds b step4 of Figure1. In Figure

4 sane specificexanplesfor the secondand thirdclustercoefficientsare

given. The underlinednumeralsubscriptsindicatemulti~ent structure.

The procedurefor incorporating-site particlesintothe activity

~uatims, restscm the Observaticmthat the formaticmof boundstatesfor

kT < 1% , tk birdingenergy,lowersthe orderof the cluster

coefficients.For example,due to its exponentialtemperaturedependencethe

boundstatepart of the electron-iresecondclustercoefficient,ba, enters

the clusterexpansim likea new idealparticle,while the continuunstate

part enterslikea real -bcdy interactimbetweenelectronsand icns.

Becauseof this it is necessaryto introducean augmentedset of activity

variables,such that,ths leadingterm in the revisedactivityseries
*

correspondsto the Saha icnizatim equilibriumequaticm.6,7 Scattering

* statesonlya~ear in the interactioncorrectionsof the prcperlyordered

activityseries,i.e.,propertreatmentof boti clustersrequiresthe

deconpositimof the traceintoboundand scatteringparts. This corresponds

to the firstpart of step5 in Figure1.
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The renormali,zatim of the grandpartiticmfuncticm,justdescribed,works

with the conpletetrace,so that,sane latitudein how one definesa conposite

@rticle is afforded. An improperdeconpositicnwill ultimatelybe rectified

throughhigh orderterms.

termswill be evaluated,a

It hi3Sbea sham that the

However,sincein generalonly a few low order

physicallyrealisticdecorrpositimmust be made.

well knownconpensatimbetweenboundand

scatteringstatesleadsnaturallyto a

resultingeffectiveboundstatesum is

invokeany cutoffcriteriaas was done

properdeconpsiticnprocedure.’The

convergentand there is no need

in earlywork on thisproblem.

specificexampleof hw the two body clusterterm is splitis shownin

5. In brief it slmwsthe tm leadingtermsin the boundstatehigh

teq?eratureexpansim includedwith the scatteringstatecontribution.

to

A

Figure

This

is because as shown in Ref. 7 (1977)thesetermsalmostpreciselycancel

similartermsin the scatteringstatepart of the trace.

At thispint we have sham how b identifyconpositeparticle

contributimsin the S expansion,but only in the idealgas limit. Tb go

beymd thiswe need to reorganizethe term so that thosetermsthat

correspondto conpositeparticlesenterthe interactioncorrectionssimilarto

fundamentalparticles;e.g.,the Debyelengthmust be transformedaxording to

AD(ze+z2za)+ iD(ze+z2za+(z-l)2zea+.. .).‘Ihefirststep in
thisprocessis indicatedin Figure6. An explicitexpressionfor the

activityof me-electroncorrpositesappearson Figure7. Since A&

1/2, terms in the expansicmof expdepmds cn the activityaccordingto z

(Ala)go togetherwith similartermsin A~i appearingelsewherein

the S expansim and give rise to the transformationof the Debye length

indicatedabove. An importantresultof this,as shownin Figure7, k that

the energylevelsthat enterthe definitionof Zea are the shiftedDebye
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energylevels. Due to the expansionin termsof A:. the resultiW
13

equatims, as a practical matter, are cmly a~licable when A?. < 1.
13

Sincewhen Z >> 1

for rmst

will.for

z2e2
A:a=w > 1

D

interestingregicnsof P,T space,the methodsbeing

pr~t ical~rposes be limitedto Z < 4; unlesssane

incorporatestrongim cm~ling is introduced.

The finalstep in Figure1 is thereforetigo beyondthe

discussd here

way to

perturbation

expansim for the classicalicn-icmmntributicm. This is accomplishedby

consideringthe conpleteset of icn terms,i.e.,Saa, smut etc. as a group.

By performing~curate numericalcalculatims for Saa and Sam a general

fitting

follws

fitting

formula for all the sn is extracted. When Z2z/ze >> 1 it

that Sim + Smp so that we can check the reliabilityof tk

functim. It is foundti be very gcod for r = (A2/3)1/3<10. M

additionalcorrectionfactoris then appliedto bringthe fit resultsinto

agreementwith the@CP in the high Z limit.

fien Z >> 1 the S expansim can be shownto inadequatelytreatthe heavy

icn ccntributim and it is necessaryto recollecttermsso thatthe mst

irq?ortanttermfran eachgroupof termsinvolvingS a sequentiallylarger

n~er of timesmust be addedto get the leadingnon-ideality

Next all the secordmost inportanttermsmust be added,etc.

of this is

correctim.

The finalresult
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fr=ze+’z+z +... +P1+P2 +...
Ci e~

where

A.

E
CJz
i as

PI =s+ ‘i(e -1 - 7Jy)
i i

as as
1

z
as (e azi

~2 2
,=— Z.z. -1) (eazj -1)

L J3Z. ?Z.
ij .1 J

s =s im+zee2/kT

s.lal = zaZ2e2/kT

3)+z&+2zezas:a+2z z Sce ea e,ea

b+Saa +Saaa+ ““”

III. NumericalCalculations

EnergyLevelsand PhaseShifts

+ . . .

(4)

(5)

(6)

(7)

(8)

‘lb evaluate thermdymunicpropertiesof stronglycoupledreactingplasmas

usingthe resultsof Swtion II requiresa largecomputercodewhich is

referredto as ACTEX. In orderto calculateconpositeparticleactivitieswe

need to obtainmulti-electronenergylevelsfor the Debyepotential.

Calculaticmof multiparticlescatteringstatesis also required. This will be

accomplishedthroughthe introductionof effective-twoparticlepotentials,

e.g.,the interactionof an electronwith W+ is treated as a two-body

problem. The potentialused to calcuateenergylevelsis shownin Figure8.

It is conposedof a long rangepart and exponentialscreenedCoulombtermsfor

each shellof core electrms. The parametersin the

by =lving a relativisticwave equaticmsuch that it

stateenergiesof experimentallymeasuredmetiersof

potentialare determined

reproducesthe ground

a given isoelectronic

●
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9

sequence. The functionsa, 6, Y, etc.were then~tained ~ a least~uares

fit. Excitedstateshavingthe sameparentageas the grOd statecan alSO be

calculatedwith theV(Z,r)givenin Figure8. lb calculatethe energyof

statesof differentparentagecne couldobtainslightlydifferentfuncticm a,

(3,y for eachdistinctparentstate. Sincethiswouldhe a large undertaking,

all states having a parentage differentfromthe groundstateare +ded by

findingfittingfunctionsthat locatetheirpositionsrelativeto the states

of theV(Z,r)potential. These statesare obtainedby solvingthe wave

equatim for particularvaluesof Z.

l%e procedurejustdescribedyieldsmcurate energylevelsfor

multi-electrabound statesin the isolatedion limit. What is actually

requiredare the energylevelsfor the Debyepotential. Theseare obtainedby

addinga Detyescreeningfmtor to the long rangepart of the potential. This

is clearlyvalidwhen ~ >> than the core radius. By solvinga two-electron

variational problemit can be shownthat the screeningof only the long-range

part of V(Z,r)yieldsquitegcod resultsexceptwhen the bindingenergyof the

outermostelectrcxwapproacheszero. This can be seen in Figure9 whereone

and two parametervariationalcalculaticmsfor He are conparedwith solutims

to the Schroedingerequationusingthe potentialV(Z,r).

The potentialV(Z,r)can also be used b calcuatethe continuum

contributionfor ela2tron-cOnpOsiteion interactions.If the charge

distributionis consideredrigidcne can use electrostaticsto transform

V(Zrr)intoan ion-icmpotential. This is shownat the bottomof Figure9 for

H~-H~ interactims.

I
1

I
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B.

the

10

The ~uatim of State

lb obtain the equatim of state it is necessary to iterate Eqs. 4-8 until

densityconstraintsof Figure2 are satisfied.Rubidiumhas been chosen

to illustratethe natureof the resultsthat

the approximaterangeof P,T spacefor which

satisfied.The curvefor X/lD< 1 lieswell

are obtained. Figure10 gives

the cmditim A: < 0.8 is

insidethe shadedregion. The

peculiarshapeof this regionis due to the factthat for fixeddensitythe

Coulcabcoq?lingincreaseswith decreasingtemperature.For densities

somewhatlessthan normalsoliddensitythe lcw temperaturestateis a neutral

gas so that theCOulombcouplingfallsback to zero and the equaticnsare

subjectto the ccxwergencepropertiesof ordinarygases. The lwer branchof

the shded regicmhas mt actuallybeen

schematic.For the alkalimetals it is

the lcwerlimitbranchby assumingthat

locatedand is intendedcdy ti be

possibleto make calculationsbelow

the fundamentalspeciesare electrons

and lb+ icm whosecoresare uncoupledfrom the plasma.

Figure11 givesXTEX calculatimsof PV/NokTvs T for densitiesof

0.0001,0..1,1.0 and 10.0g/cc correspondingto the solidlines. Also plotted

exceptfor 0.1 g/cc are mme Thomas-Fermi-Kirzhnits(TFK)calculatims
12

with OCP im corrections.Shell structureeffectsare veryprcxninentin the

low densityACTEX results. Due to the largeenergydifference,as the

temperatureis reduced,there is

K-shelland the cnsetof L-shell

M shellsismuch less and onlya

a largeseparationbetweenthe fillingof the

formatim. The sepuatim betweenthe L and

changein slopeis observedbetweenthe M and

N SkllS. There is againa largeseparatim betweenthe fillingof the 4p

subshelland the formaticnof neutral5s Rb atms. The TFK resultsare found

*

to be a remarkablygcod averageof the quantumstatisticalcurve. The maximum



differencesare approximately

< 5 range.

The AC’IEXresultsfor P =

11

10%when T > 100 eV and around30% in the 1< T

0.1 g/cc shm a cmsiderable lesseningof the

shell strmture effectsalthoughthe K-L shellseparationis stilllarge. For
a

P = 1.0 g/cc the L-M shellseparatim is observableonly as a changein

●
slope. At thisdensitythe TFK resultsdifferfromthe ACI’EXresultsby at

mst 9% when T > 100 eV. At P = 10 g/cc theACTEXcalculaticnsshws mly

slightshe.Ustrmture effectseven for the K shell. The differencebetween

the two mlculatims at thisdensityis no more than4% when T > 200 eV. Even

thoughthe percentageerrorsare smallthe TFK calculationsgrossly

misrepresentsthe m- ideality correcticm in the kilovoltrangewhere

plama is almostcompletelyicnized. Correspondingly,the percentage

for low Z plasmasare Somwhat higherthan thosefoundhere for Rb.

the

errors

Figure12 shws ACI’lZXfor variousordersof approximation.The curve

3

labeledSaha correspmds to turningoff all interacticn terms,i.e.retaining

only the activitytermsof orderz. TTE curvelabeled5/2 expansionincludes

all interactiontermsthrough5/2 powersin the activity. T& curvelabeled

OCP ion-irecorrectioncorrespondsto E@. 4-8 and the curvelabeledN* is the

correspmdingtotalnumberof freeparticles,i.e.the totalnumberof free

electronsplus one. The 5/2 expansim curve is seen to

with the Saha arve ? whereasr

resultproducesresultswhich
●

act~lly snwhat largerthan

w been shiftedup b the N*.

usingicn-icncorrections

differby as much as 19%.

differat most by 7%

fittedti the OCP

The ion correctionis

this itiicatessime the icnizatim statehas

curve. In factthe ion correctionreducesthe

pressureby 38% at T = 100 eV.

Figure13 gives~/38 k vs T obtainedfromlWTJ3Xfor variousdensities.

The curvesshm considerablestructureand dmsity dependence.In the
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temperaturerangeplottedthereare th:eemain peaksfor p = 0.0001g/cc. The

one around1200eV correspondsto the fillingof the K-shell. The me around

280 eVcorrespor& to the L-shell,and the structuredpeak around70 eV

cmrrespmds to the fillingof the 4s and 4p subshells. It is not plotted

the TFK curve is in errorby more thana factorof two and showsno shell

strwture effects. l!hespecificheat curvesare ccmsiderablysmoothedas

but

the

I

densityis increasedbut stillshow

at 10 g/02.

From the resultspresentedhere

good equaticmof stateresultsin a

quantitativelyfor the pressurebut

densitiesfor any ap@icaticm which

soundspeedand specificheat.

a~reciable shellstructureoscillations

it is clearthat the TFK theoryyields

sncothlyaveragedway. They are evengood

are of littlevalue,exceptat high

dependson derivativequantitiessuchas

Iv. ConcludingRemarks

This paperhas reviewedthe theoreticala~aratus for goingbeycnd

intuitivemodela~roaches for obtainingthe equationof stateof strongly

umpled reactingplasmas. By concentratingcn the underlyinganalytic

strmture, ratherthana diagrammaticstudyof variousordersof

approximation,it has

simultan=uslytreats

work shouldhavemany

The resultspresented

beenpossibleto derivean activityexpressionwhich

ionizationequilibriumand strongion coupling. This

a~licaticm in a~lied problem of currentinterest.

hereare representativeof the typeof data thatcan be

generated. It is anticipatedthat in the futurethismrk will be extendedso

that the restricticmal A*ea can be relaxedand tht the generala~roach

will be extendedb includenon-equilibriumproperties.
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1)

2)

3)

4)

5)

6)

7)

13

possible topicsfor futurework,dependingon
,,

Calculatehighorderelectron-icntermsusing

interest?are:

the pseudopotential

method presentedin Ref. 7 (1978). This is of particularimportance

to singlyicnizedalkaliplasmas.

Stw3ytransportcoefficientsto see if compensationM&en boundand

s~ttering states,and the introductionti the shiftedDebyeenergy

levelshas any fundamentalinpact.

Evaluate-tatimally fastmcdelapproachesin

modificatimsto bringthem intocloseragreement

correcta~roach.

comnm use and make

with fundamentally

Invertthe activityexpressicmto fikl the best freeenergy

minimizatimprocedure.

Continuethe isoelectronicenergylevelfittingprocedureto higherZ

sequences.

Extenddiffractim and exchangecorrections.

Carryout analysisfor tw

and icnsequilibrateammg

temperatureplasnassuchthatelectrons

themselvesbut not each other.

I
I
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A~endix A

In step3 we

of electrms and

S-ExpansionforMulti-&wponentQuantumPlasmas

are essentiallytreatinga Con@etely icoizedquantwnsystem

nuclei. NO hintof conpositeparticleshas yet enteredthe

analysis. Thereforethe mtivity expressim at thispointneedcnly be a

functim of Ze and Zi, the activitiesof electronsand nulei

respectively.The resultingexpressionis shcwnin Figure2. ‘Ibthe terms

givenP/kT a~ears b be a

resultgivenin Figure1.

nextgroupof termsbeycnd

analysis.

simpleextensim of the correspondingme mnpment

However,crossderivativesstartto appearin the

thosegivenwhichconsiderablycomplicatethe

Figure3 displaysthe leadingtermsin the S-functicn. It is sham that

the leadingterm is just the Debye-Huckelterm. Correcticm in X\~ to this

termhave be2ngivenby DeWitt10 and alsoRogers7(1978). The Sij are

the negativeof the virialcoefficientsexceptthe lowesttwo ordersof

Perturbatim in (~~i~j) are subtracted

6order termneedsto be modified. For

coefficientcan

EnR(b) are the

] are nrdifiedto

be calculated fromthe

out . When %/~ ~ 1 the second

quantumsystem the bbdy virial

Beth-Uhlenbeckexpressionwhere the

energylevelsfor the screenedCoulomb

someextentwhen X/b % 1. The tigare

potential. These

the correspmding

phaseshifts,and p is the relativemomentum. For heavyionsthe classical

I virialcoefficientis alwaysadequate. For B= somemcdificaticmsof the
I
I

Beth-Uhl&beckformulato accountfor exchangeare necessary.11/

.

>’

.
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Mayer virial expansion Abe raorgenizations in powers of L%I a) Find proeadure for generating

s =x Vi(f,.,fJ
s= S,,., + ~ S, (T, q, Ao)

the activity series from

,=2 S(T, z, AD )

=x,=, qiBi/J-l
,=2

— where Sr,ne = l/12 nA~andthe Si — P
i.e., — .z+S+~(+z)’’’-2 ($~m!

where n = Density raaemble virial coefficients kT

O,_l= Cluster integral for the Debye potential.

Bi= Virial coefficient
b) Add daganerecy

(1} (2) (3)
1

T-
Renormalize equations to

=count for strong ion

coupling.

Valid for A,; , A.i s 1

,ifl” arbitrary, T <0.5

(6)

Fig. 1. Schematic of theoretical procedure

Mayer S-function
m

S(ze,za ) = - 1 BJ zJ/(J-l)

J=2

Activity of species i
u./k T

zi=(2s+l)X-3e ‘

Two-component S-expansion

Parametric density relations

i3(P/kT) , ~ & z ~(P/kT)
ne = Ze

a2e Q o a2a

Thermal properties of plaamaa

at all stages of irrnization

(7)

Fig. 2. P/kT as a functional of S

.

.
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S(ze,za) = SR + z: see + Zzezasea + Z:saa +Z:seee + . . .

Debye-Huckel correction

SR = l/(12TA:), AD =
{ }

kT/[4ne2 (z, +x Z; Zl) “2

s
ri%(%i

= - Bij(hD ) + 27TA; ~‘i

Beth-Uhlenbeck virial coefficient

Fig. 3. Cont.) two-component S-expansion

Fig. 4. Cluster coefficients for the plasma pot.
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E. G. split the two body trace

s*a = S:e + qm

where

-EnQ/kT
(e – 1 + EnQ/kT)

and

U. ~ ~ (2!?+ 1) = ~ (ZAD/aO)3’2 -0.2289
nQ 9@7

( )u, = ~ (2Q + 1) En,/kT = ,53&(zAD/a.)’”-0-4932/kT
nQ

Fig. 5. Introduce composite particle activities

Sea (AD ) - e“~ z ea

where

A:ti = ~
D

when A:a <1, a useful expansion is

Sea(AD ) = (1 + A;a + A:; /2---)ze~

Fig. 6. Defina an activity for one electron composites

L

?J

.
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,
r

AD — l;={T/[4.e2pa+z2za+(z-l,2zea+...)]y

Composite particle activity

–Aea
A= (UO–til)$?

Shifted energy levels

P
m=z”+z”+z”” +”’”

+x; +C; +...

wZi as; 2
x; =s; + iz~ ‘“””

Fig. 7. Cont.) Z5E expansion for complex plasmas

V(Z, r) = [(Z-A)+ AKe*(z-AK+’ ‘r

~ ~Le-@(Z-AK-*L+l)r . . . ]/r

Where A= AK+ AL+.... = total number of bound electrons

{

(C@,+) + (Q*J3*J’YJ
a, /3, ~ = ~o, (+),70 + z

}22 ‘

—— —--
Obtainad by iteration, using a relativistic wave,
EQ. to match experimental data

Fitting function for states of different parentage

E-Eg

(
al a2

%)$ - Eg )
=~a +—+—

Zozz

For the DEBYE POT: (Z-A)/r ~ (Z-A)e
‘r/hD ,r

Fig. 8. isoelectronic potential

,
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I I I 1“”1 I i l’”

\

Variational talc.

~*_ v _
~–rlA~ ~–llr

-—— ——
‘. r r

0.5

.

1.5

I 111111 1 I 111111 I I 1,1(

2.0
0,5 1 2 5 10 20 50 100

AD (aO)

“ , ,=(Z–l)2e2e-r’AD +
He He r ((2 Z–l)e2e-qr _42q ,

r 2–

Fig.9. Ground state energy of Hevs AD

-.
t I 1 1 I I 1 I I I I !

100

A

\

1 I 1 # I I I 1 I I 1 I 1 1 -1
0.001 0.01 0.1 1
1

P krh)

Fig. 10. Range ofvalidity for rubidium
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— ACTEX
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““”ooTFK-OCP
,... ..’..

..
p = 0.0001 g/cc ;“”. ““”

.“
.“.“ p = 1.0 glcl

.“
.“ .

p = 10.0 g/cc

—
I ..- 1 I I I I I 1 I

1 10 100

T(eV)

Fig. 11. Rubidium: PV/No kT vs temperature

, -~ \ \ 1 1 I ( I40

35

30

25

;T 20

15

la

5

—

-.

---

. . . .

l—

OCP ion-ion correction

5/2 expansion

Saha

N’ with OCP ion-io

/

/
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//._.-.--” 1 1I 1 1 1 1 I i I 1 1 I 1 ,
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Fig. 12. Contributions to pressura for RB at 1.0 glee
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Fig. 13. Rubidium specific heat
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